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SYMBOL       DESCRIPTION 
dp        Particle diameter 
d~p        Mean particle diameter 
P,(p,-Pf)w2r0dp, 
Ga        Modified Galileo number - ——*—; -  
g Local acceleration of gravity (9.805 m/sJ) 
H Distance from chamber floor to celling 
h Distance above floor of chamber 
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r Radius to viscous core boundary 
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Radius to grid surface at chamber floor 
Radius to grid surface at chamber celling 
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Bed pressure drop 
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air flow rate 
Overall pressure drop 
Void fraction 
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Fluid viscosity 
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ABSTRACT 
The effects of solids feeding and removal on the 
bed mechanics 1n a centrifugal fluldlzed bed (CFB) are 
Investigated.  The emphasis with this system 1s on the 
use of centrifugal fluldlzed beds (CFB) for combustion 
applications where with bed material of dolomite or 
limestone to capture SO-, the centrifugal combustor 
could be used to burn high sulfur coal or coal char. 
A centrifugal fluldlzed bed 1s cylindrical 1n shape 
and rotates about its axis of symmetry.  As a conse- 
quence of the circular motion, the bed material 1s 
forced Into the annular region at the circumference of 
the container, and fluid flows radially Inward through 
the porous surface of the cylindrical distributor, flul- 
dlzlng the bed material against the centrifugal forces 
generated by the rotation. 
Room temperature experiments were performed with 
glass bed material, and the data from a series of batch 
experiments on bed pressure drop and minimum flu1d1zat1on 
are compared with the theoretical expressions.  Experi- 
ments also were performed to study bed operation with 
continuous feed and removal of bed material, and data 
on the effects of air flow rate, angular velocity, parti- 
cle feed rate, and discharge geometry on bed pressure 
drop are presented. 
I.   INTRODUCTION 
With Increasing consumption of energy and decreas- 
ing resources of oil and natural gas, the world 1s faced 
with an energy problem which 1s often termed the "Energy 
Crisis".  It 1s a generally accepted conclusion that 
energy demands by the end of this century will be enor- 
mous by present standards.  Figure 1 shows the distri- 
bution of U.S. energy consumption 1n 1970 and the depen- 
dence of the U.S. on oil and natural gas.  New solutions 
to energy use that are sound technically, socially and 
economically are becoming more and more important. 
There are several alternatives to supply the energy 
man-needs, one of which is coal.  However, the use of 
coal raises a problem of SOp pollution.  The questions 
of how to satisfy the forthcoming S0~ emission standards 
1s an Important part of the problem of fuels and energy 
management.  Coal and oil combustion now contribute about 
77 percent of the manmade SOp emission 1n the United 
States (65 percent from coal, 12 percent from oil) with 
about 55 percent of the total coming from power plants[l] 
In view of the rapidly growing demand for electric power, 
two-thirds of the total SOp emissions 1n 1980 (estimated 
In 1971) are expected to originate from this source[l]. 
Figure 2 shows the use of oil 1s projected to 1n- 
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Fig. 1  Distribution of U.S. Energy Consumption, 1970 
(Preliminary Estimates by U.S. Department of the 
Interior) [From Ref. l] 
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Fig. 2  Projected Power Generating Capacity and 
Fuel Sources of Electric Utilities In the 
U.S. (with Breeder) (NAE-NRC, 1970) 
crease until Its forecasted availability falls off 
around the year 2000.  Natural gas usage also Is expec- 
ted to Increase and then fall off sooner than oil. 
Hydroelectric sources are expected to remain relatively 
small.  Nuclear generating capacity 1s Increasing rapid- 
ly, but its impact will probably not prevent the power 
Industry from being primarily dependent upon coal until 
the end of the century.  Consequently, projections can 
be made for sulfur dioxide emissions from power plants 
1f no abatement procedures are used.  Table 1 shows the 
estimated potential sulfur dioxide pollution In the 
United States without abatement.  The emission rate of 
SOp 1n 1990, if uncontrolled, might be over three times 
the rate in 1971[1]. 
One way to control S0~ emissions from combustion 
of coal Is through sulfur removal during combustion. To 
do this, the coal is burned in the presence of a sulfur 
acceptor. One process burns the coal 1n a fluldlzed bed 
of limestone particles which reacts with the sulfur. In 
this system a portion of the bed 1s continuously removed 
and replaced with fresh limestone. 
A.  Fluldlzed Bed Combustion 
Research on fluldlzed bed combustion was started to 
obtain high heat transfer rates In boilers.  The work on 
Table 1   Estimated Potential Sulfur Dioxide Pollution 
1n the United States without Abatement6 
 (NAE-NRC, 1970)  
Source Annual Emission of Sulfur 
Dioxide (millions of tons) 
1967  1970  1980  1990  2000 
Power Plant Operation 
(Coal and 011 ) 
Other Combustion of Coal 
Combustion of Petroleum 
Products (Excluding Power 
Plant Oil ) 
Smelting of Metallic Ores 
Petroleum Refinery Opera- 
tion 
Miscellaneous Sources 
15.0  20.0  41.1 
5.1   4.8   4.0 
62.0  94.5 
3.1   1.6 
2.8 3.4 3.9 4.3 5.1 
3.8 4.0 5.3 7.1 9.6 
2.1 2.4 4.0 6.5 10.5 
2.0 2.0 2.6 3.4 4.5 
Total 30.8  36.6  60.9  86.4 125.8 
a  February 1970 NAPCA estimates, excluding transporta- 
tion 
b  Includes coke processing, sulfurlc add plants, coal 
refuse banks, refuse incineration, and pulp and paper 
manufacturi ng. 
modular construction by Pope Evans and Rob1ns[2] has 
taken on the added burden of removing sulfur by fluldlz- 
1ng limestone along with the coal.  There are many other 
organizations which have started working on developing 
fluidlzed bed combustion systems. 
A fluidlzed bed Is a two phase system composed of 
bulk solids and fluid In relative motion.  When the velo 
city of the fluid through the bed bulk solids 1s such 
that the pressure drop of the fluid through the bed, due 
to viscous are inertia effects, Is 1n equilibrium with 
the opposing pressure drop caused by the weight of the 
solids minus their buoyancy in the fluid, the bed 1s 
said to be in a fluidlzed condition. 
In a conventional stationary fluidlzed bed (Figure 
3) which Pope Evans and Robins started their work on, 
the weight of the solids 1s a function only of the bed 
mass, since the local acceleration of gravity 1s con- 
stant.  In this case, the minimum fluidizatlon velocity 
Is defined as the velocity of the fluid when the pres- 
sure drop due to viscous and Inertia effects can support 
the weight of the bed. 
There 1s ample experience in the process Industries 
to appreciate that fluidlzed bed combustors have lower 
volumes and higher heat transfer coefficients than con- 
8 
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ventlonal pulverized coal combustors.  Flu1d1zed bed 
boilers have been operated at atmospheric and high pres- 
sure condlt1ons. 
Figure 4 sketches the process flow.  A1r Is pre- 
heated by exchange with stack gas.  Part of the air con- 
veys crushed coal (0 to 0.00635m) and limestone (8-10 
mesh average) to the fluidlzed bed steam generator.  The 
rest of the air enters through a distributor plate to 
support fluldizatlon and combustion. 
Spent limestone and sulfate with a low unburned coal 
content are removed for disposal. 
Coal fines and ash are elutriated to a cyclone, re- 
covered and combustion completed with 40 percent excess 
air 1n the carbon burn-up unit.  There 1s also steam 
generation and/or superheating 1n this unit.  Ash 1s 
recovered from the stack gas using electrostatic pre- 
dp1tators[2]. 
The fluldized combustor has several advantages: 
• Efficient volumetric combustion reducing size and 
plant area needed and permitting shop fabrication. 
• High heat exchange rates permitting low combustion 
temperatures. 
• Reduced formation of nitrogen oxides. 
11 
• Relatively low excess air 5-10 percent. 
t Coal may contain up to 60-70 percent moisture after 
bed 1s operating. 
• Produces little or no alkali salts In flue gas. 
t Coal rich in pyrites can be utilized. 
• Handles high ash fuels, even with low softening 
temperatures. 
t Full pulverization of coal not required. 
Sulfur removal In the fluldlzed bed 1s accomplished 
by the reactions: 
CaCo3-CaO+C02 
Cao+SOp+iOp+CaSO^ 
A big concern 1n sulfur removal 1s the degree of 
conversions of the CaO in a limestone particle.  An Im- 
portant parameter in characterizing the amount of calcium 
required to achieve satisfactory sulfur removal 1s the 
Ca/S mole ratio.  For a full stolchlometrlc ratio, all Ca 
going to sulfate, a thousand kilograms of 4 percent coal 
would require 97.5 Kg. of limestone to produce 122.47 Kg. 
of CaSO- for 90 percent sulfur removal[2].  Experiences 
Indicate that only a fraction of this degree of conver- 
sion 1s accomplished at the desired fluldizatlon state. 
The fluldlzed bed mentioned as an example 1n Figure 4 
used a 6/1 Ca/S ration in the feed.  At this ratio, a 
12 
thousand kilograms of 4 percent S coal would require 6 
times as much carbonate or 585 Kg, and yields 273 Kg of 
Cao plus the 122.5 Kg of CaSO^.  Moreover, the Cao would 
react with water exothermlcally If used as land fill and 
the Ca(CH)2 product 1s water soluble.  Therefore, use of 
limestone with high Ca/S ratio give Immense disposal 
problems, and chemical processing 1s required even for 
low Ca/S ration. 
Ways might be found to separate and use the Cao or 
Ca(0H)2 and/or CaSO. but a sizeable chemical plant would 
result. 
Conventional fluldlzed beds have several disadvan- 
tages.  In the fluldized bed combustor of the type 
studied by Pope Evans and Robins, Argonne National 
Laboratory, Exxon and others, the combustion air flows 
vertically upward through a horizontal distributor, flul- 
dlzlng the bed material against the face of gravity. 
The coal combustion capacity of a combustion of this type, 
operating at a given temperature and pressure with bed 
material of a specified size, can be Increased to a 
limited extent by Increasing the superficial velocity of 
the fluldizlng air.  However, 1f the air velocity is In- 
creased too much, excessively high particle elutrlatlon 
rates occur.  Further increases of air flow rate can be 
13 
obtained only by Increasing the bed cross sectional 
area.  For large capacity power generation applications, 
this requires the use of a fluldlzed bed system consist- 
ing of a number of Individual modules each of which Is 
relatively large 1n size.  Some possible consequences of 
this Include difficulties with start up, coal and lime- 
stone feed, and bed mixing.  Furthermore, the turndown 
capability of these systems 1s limited by reducing the 
air velocity nearly to minimum fluldization conditions 
and by reducing the operating temperature of the combus- 
tor.  The thermal output of each combustor module can be 
varied over a ratio of approximately 2 to 1.  Wider 
variations in output can be achieved by shutting down 
and starting up the Individual fluid bed modules.  Figure 
5 shows several stages of fluldization occurring when 
small uniform particles (below 0.001m diameter) are 
subjected to an Increasing gas velocity.  First the par- 
ticles 1n the bed vibrate, then they appear to move as a 
fluid.  As the velocity 1s increased further, the gas 
forms larger and larger bubbles until slugging takes 
place.  During slugging, clumps of particles act as a 
solid mass which moves ahead of a layer of gas.  Thus 
giving very poor contacting conditions.  Finally at 
higher velocities the particles are transported out of 
the bed.  During each stage, the voidage 1n the bed 1n- 
14 
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creases, reducing the volumetric effectiveness of the 
equipment.  For large, relatively low density particles, 
the transition from a fixed-bed condition to the slug- 
ging condition 1s almost Immediate with Increasing gas 
velocity.  From the viewpoint of good gas to solid con- 
tact, this 1s clearly undesirable, since In the fixed- 
bed the gas flows through fixed channels with little 
particle movement, while 1n the slugging bed, most of 
the gas passes around the layers of particles without 
effective contact[3].  These drawbacks have limited the 
use of conventional fluidlzed beds. 
B.  Centrifugal Fluid1zat1on 
The centrifugal fluidlzed combustor 1s a device 
cylindrical 1n shape, which rotates about Its axis of 
symmetry (Figure 9).  The centrifugal motion of the bed 
forces the bed particle Into the annular region at the 
circumference of the combustor.  Flu1d1z1ng air flows 
radially inward through the porous cylindrical surface 
of the device.  The Inward drag force of the fluldlzlng 
air on the bed material is balanced by the large radial 
accelerations caused by the centrifugal motion, permit- 
ting much larger air flow rates per volume of combustor 
than are possible with a conventional fluidlzed bed sys- 
tem operating against the force of gravity.  This permits 
16 
more compact combustors.  By varying the speed of rota- 
tion of the bed, the flow rate of air, and the bed tem- 
perature, 1t 1s possible to achieve considerable varia- 
tion 1n system power output, providing the capability 
for operating over a wide range of part load conditions. 
In addition, the added flexibility due to bed rotation 
and the small size of the system should ease the problem 
of startup. 
The centrifugal fluldlzed bed (CFB) overcomes the 
limitations of particle size through flu1d1zat1on against 
a centrifugal force greater than the gravitational force. 
This has the effect of increasing the apparent density 
of the particles, allowing smooth, homogeneous fluldlza- 
tlon.  More importantly, smooth flu1d1zat1on can be 
achieved at any desired gas velocity by varying the 
centrifugal force.  Centrifugal force allows the bed 
operating parameters to be set Independently of the 
physical properties of the material being heated.  Con- 
sequently, one may operate on any of the regimes shown 1n 
Figure 5 at any given gas velocity. 
The concept of a centrifugal fluldlzed bed 1s not 
new.  Investigators at Brookhaven National Laboratory 
(BNL) performed experiments with 10 m and 5x10 n glass 
beads in a 0.254m diameter bed and achieved fluldlzed 
17 
states at rotational speeds up to 209.44 rad/sec[4]. 
-4 Experiments also were performed with 5x10 m copper 
particles where flu1d1zat1on was achieved at 73.3 rad/ 
sec.  Photographic records of the bed Indicates stable 
flu1d1zat1on at various rotational fields up to 560g's 
based on these results.  Investigators at BNL proposed 
using a centrifugal fluldlzed bed coal 11quefact1on[4]. 
Experiments on the use of a rotating fluldlzed bed as a 
particle filter have been reported[4].  In addition, In- 
vestigations on this system are being done for food dry- 
ing applications[3]. 
Experimental Investigations on this system have 
been under way at Lehlgh University since 1976.  The pre- 
sent research involves studies of bed startup, minimum 
flu1d1zat1on and particle elutriatlon. 
The objectives of this study are to demonstrate the 
capability to operate a centrifugal fluldlzed bed with 
continuous feed and removal of bed material and to ob- 
tain quantitative Information on the effects of the addi- 
tions of solids on bed characteristics. 
18 
II.  APPARATUS AND INSTRUMENTATION 
A.  A1r Supply 
Air 1s supplied by two positive displacement com- 
pressors each nominally rated at 0.234SCMS and 6.9x 
5 
10 Pa.  Air leaving the compressors flows through an oil 
separator to an air storage tank and finally to the flul- 
dlzed bed laboratory.  After passing through a globe 
valve, 1t passes through a section of pipe densely packed 
with commercial grade steel wool which reduces the pres- 
sure and muffs the flow noise.  After the muffles, the 
velocity profile is developed hydrodynamlcally 1n a 
2.5m section of (0.1016m I.D.) pipe.  The air then flows 
into a section with a calibrated (0.003175m diameter) 
p1tot-stat1c probe for air flow rate measurement.  Probe 
dynamic pressure is Indicated on a differential vertical 
Inclined manometer rated at a maximum of 0.254m of 
water.  This system 1s used for all flow rate measurements 
and has a range from 0.04 to 0.448SCHS. 
A manifold with two (0.102m diameter)  equal size 
outlets distributes the air flow to the fluldlzed bed 
apparatus through flexible hoses which connect the mani- 
fold holes to the inlet air plenum of the apparatus.  The 
system 1s also designed with an (0.0508m diameter) air 
line connected to the lower part of solids discharge 
plenum to control the rate of discharged solids.  This 
19 
control line was not used during the experiments des- 
cribed 1n this thesis. 
B.  Feed System 
The feed system consists of a Petrocarb ABC injec- 
tor, an Injection hose and rod, and solids distributor 
plate 1n the rotating chamber.  These are described 
below. 
The Petrocarb ABC Injector system (Figure 6) 1s 
designed to Inject particles from a pressurized tank Into 
an air line, through which the particles are conveyed 
pneumatically Into the test section.  The pressurized 
tank, which is the heart of this system, was loaded up to 
100 Kgm of particles which we used 1n experiments, and 1s 
rated at a pressure of 413685Pa above atmosphere.  The ex- 
ternal parts of the ABC Injector consist of the gas con- 
trol equipment, mixing assembly, filling valve, exhaust 
and relief valve.  An air supply line, after passing 
through a pressure regulator, Is connected to a small 
rotameter which can measure air flow rates up to 
0.001525SCMS under 275790Pa above atmosphere.  It then 1s 
divided into two branches, one of which goes to the tank 
pressure regulator, tank pressure gauge, tank pressuriz- 
ing valve, and then pressurizes the Injector tank.  The 
other air stream, which flows through several valves, 
20 
gauges and a regulator, provides conveying air to carry 
the Injected solids to the fluldlzed bed. 
Figure 6 shows the entire system. Including the 
pressure tank.  At the top of the pressure tank are an 
exhaust valve, a pressure relief valve and filling valve. 
Installed at the bottom of the pressure tank are a valve 
to control solids flow rate (0.00635m), a quick discon- 
nect coupling, and an (0.003175m) orifice (Figure 7). 
Solids feed rate 1s controlled by regulating the 
tank pressure.  Calibration data for the system show 
only a very small effect of conveying air on solids flow 
rate.  The tank pressure 1s controlled by adjusting the 
tank pressure regulators, while the conveying air flow is 
controlled by adjusting the control valve until the de- 
sired flow rate is indicated on the rotameter.  The tank 
is loaded from the top by depressurlzing the tank and 
then opening the fill valve. 
For starting up the feed system, the following pro- 
cedures were used: (1) pressurize the tank, (11) adjust 
the conveying air, (111) open the solids feed valve. 
A flexible (0.0095m I.D.) metal hose was used as the 
Injection hose to convey the particles from the pressure 
tank to the fluldlzed bed.  It 1s connected at the bottom 
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of the test section (Figure 8) to a 0.009525m I.D. copper 
tube.  The copper feed tube, designed not to rotate 
during bed operation, coupled to a 0.23m I.D. circular 
plexiglass plate In the bottom of the fluldlzed bed.  In- 
jected solids are conveyed vertically upward through the 
feed tube and are forced radially outward to the bed 
region through two channels In the distributor plate. 
Feed system specifications are given 1n Table 5. 
C.  Apparatus 
The test section consists of a rotating air plenum 
(fluidized bed), an Inlet air plenum, a solids discharge 
pienum, a discharge bin and load cells, and a motor and 
rotating shaft. 
The fluldlzed bed shown 1n Figure 9 1s actually the 
heart of the system.  An Important part of the fluldlzed 
chamber is the grid through which the fluldlzing a1r 
from the inlet air plenum passes to fluldlzed the parti- 
cles.  If the grid 1s not designed properly, the appara- 
tus may not achieve a stable fluldlzed state.  Based on 
results from an earlier study on the Influence of grid 
design on bed performance, the grid was fabricated from 
perforated steel sheet metal with 50 percent open area[5] 
The grid has the shape of a truncated cone.  The seam of 
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the relied metal sheet was butt-welded, ground smooth, 
and was covered on the Inside periphery with fine mesh 
stainless steel cloth.  Great care was taken to Insure 
that the wire cloth was 1n close contact with the per- 
forated steel frame throughout.  The wire cloth screen 
Is attached to the frame by means of circumferential 
beads of silver solder.  Contact of the screen and the 
frame 1s Insured by stitching the screen to the frame at 
appropriate locations around the periphery. 
To Increase the resistance of the grid to air flow, 
a layer of canvas-like cloth 1s stitched around the out- 
side of the frame, after being stretched tight to Insure 
close contact of the cloth with the frame everywhere. 
The cloth is secured at the top  and the bottom using 
very thin pieces of tape to prevent bypass of fluldlzlng 
air around the cloth at the boundaries.  Figure 10 shows 
a cross-section of the grid.  As shown 1n Figure 9, the 
grid assembly at the bottom 1s held by a solid plate and 
at the top 1s sealed Into the grooves which have been 
made for this purpose.  The dimensions of the grid are 
given 1n Table 3 (Apparatus Specifications). 
A1r flows Into the apparatus through two (0.1524m 
I.D.) openings (Figure 11) and then through the  grid to 
fluldlzed the particles.  The top end wall of the flul- 
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dlzed bed has a 0.1524m diameter opening for discharge 
of air, and Is fabricated from plexiglass for flow visu- 
alization. 
Solids are discharged from the rotating bed through 
six small (0.009525m I.D.) tubes, passing through the 
grid (Figure 9) to the solids discharge plenum.  These 
tubes can be changed easily for studies of the effects 
of length and diameter of discharge tubes on the solids 
d1 scharge rate. 
The solids discharge plenum Is the stationary outer 
cylinder shown 1n Figure 8.  The bottom of the plenum 
has a sharp slope to facilitate solids flow.  From the 
discharge plenum, particles drain through a 0.0508m I.D. 
flexible hose Into the discharge bin.  The frame of the 
apparatus 1s fixed to the body of the cylinder by two 
bearings, which make 1t possible to incline the apparatus 
away from the vertical position. 
Pressure taps are used to measure the pressures of 
the inlet air plenum and the solids discharge plenum. 
These taps are connected by PVC tubing to a 1.5m vertical 
manometer board. 
The discharge bin 1s a closed vertical cylinder which 
Is connected to the solids discharge plenum by a flexible 
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hose.  The bin Is supported at the bottom by three load 
cells (which are discussed later) to Indicate the weight 
of discharged particles at any Instant of time.  A cover 
plate attached to the side of the bin can be removed to 
empty solids from the bin.  The dimensions of this bin 
are given in Table 3. 
A  0.5Hp, (DC) variable speed motor Is used to ro- 
tate the system.  The motor 1s attached to the rigid 
frame and 1s belt connected to the drive shaft.  The 
angular velocity of the test section was measured using 
a General Radio Company "strobotac" stroboscope type 
1531-A. 
One circular teflon seal 1s used to separate the 
rotating air plenum and Inlet air plenum, and a second 
circular teflon seal separates the rotating air plenum 
and solids discharge plenum. 
Special consideration also was made to minimize vi- 
bration during rotation. The steel frame of the appara- 
tus 1s bolted to the concrete floor. 
The weight of the discharged particles was recorded 
continuously by load cells, mounted at the bottom of the 
discharge bin.  The load cells are of cylindrical ring 
design, each with four strain gauges (Figure 12a). 
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These load cells are connected 1n parallel to each other 
(Figure 12b) and are excited with a 10V(DC) power supply. 
The readout device 1s a digital volt meter model 8040A 
with 200mv range +_ (0.05 percent of reading ♦ three 
digits) and 2V through 1100V range + (0.05 percent  of 
reading + two digits).  Table 2 gives the specifications 
of the strain gauges used 1n the load cells. 
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TABLE 2 - STRAIN GAUGE SPECIFICATIONS 
Hodel , EA-06-062AP-120       H1cro-Measurement Products 
Resistance 1n OHMS 120+0.3 percent 
Gauge factor at 75°F 2.045+0.5 percent 
Strain limit 5 percent for gauge length (0.0032m) and 
larger, and approximately 3 percent for gauge lengths 
under (0.0032m) 
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TABLE 3 - APPARATUS SPECIFICATIONS 
Descrlptlon 
Diameter of exhaust opening 
Outside diameter of discharge plenum 
Outside diameter of Inlet air plenum 
Inside diameter of solids discharge tubes 
Distributor plate diameter .' 
Grid height 
Grid radius at bottom 
Grid radius at top 
Grid taper angle 
Inlet air diameter 
Outside diameter of 
Outside diameter of 
Height of discharge 
Height of load cell 
Height of test section 
Motor type DC 
drive shaft 
discharge bin 
bin 
0. 
0, 
0. 
0, 
0, 
0. 
0. 
15m 
6m 
395ra 
009525m 
23m 
1619m 
3048m 
0.3143m 
3.370 
0.1016m 
0.05556m 
0.455m 
0.455m 
0.068m 
1.105m 
0.5HP 
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TABLE 4 - RANGE OF OPERATING VARIABLES 
Description 
Maximum angular velocity 48.17 rad/sec 
Maximum measurable air flow rate 0.448 SCMS 
Minimum measurable air flow rate 0.04 SCMS 
Maximum measurable plenum pressure 18000 Pa above atm, 
Minimum measurable plenum pressure 5 Pa above atm. 
Maximum calibrated weight by load cells  22.7 Kg. 
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TABLE 5 - FEED SYSTEM SPECIFICATIONS 
Descrlptlon 
Maximum solids loaded 1n tank      100 Kg. 
Maximum allowable pressure 1n tank 413685 Pa above atm. 
Maximum allowable temperature      93.3°C 
Maximum measurable conveying air 
A1r line pressure 
Average particle size used 
Orifice diameter 
Feed valve 
Inside diameter of Injection hose 
Fill valve 
0.001525 SCMS 
275790 Pa above atm. 
6 410x10  m 
0.003175m 
0.00635m 
0.009525m 
With electric control 
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D.  Instruments Calibration 
1. Load  Cctl 
As was stated, the load cells were connected In 
A 
parallel to each other (Figure 12), anfd, the discharge 
rates were recorded continuously.  They were placed at 
the bottom of the discharge bin and calibration was 
performed by loading standard weights on the discharge 
bins.  These load cells were excited by 10V DC power 
supply and the readout system was a digital voltmeter 
which was described before.  Figure 13 shows the cali- 
bration chart for these load cells. 
2. All  Flow  Ra-te 
The shape of the velocity profile 1n the main air 
line (0.102 m I.D) was determined by traversing the 
pipes diameter with a p1tot-stat1c probe and recording 
the kinetic pressures at 0.003175 m Intervals. 
The volumetric air flow rate was found by Inte- 
grating the velocity profile over the pipe cross-section 
1n the horizontal and vertical directions.  This pro- 
cedure was repeated for several different air flow rates 
The basic equations for this calibration are: 
/7T-d 
/Pf fn^ n n 
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By considering the above procedures a plot was 
made of the squareroot of centerllne kinetic pressure 
versus volumetric flow rate (Figure 14).  The following 
linear relationship was obtained: 
Volumetric air flow rate: 
(mJ/sec) = 0.009695/(PdJ 
where (P,j)  is the kinetic pressure at the centerllne of 
t 
the pipe measured In (Pa). 
3.  Feed Sij6te.m 
The feed system was calibrated with the ratio of 
the flow rate of fluldizlng air to flow rate of solids 
of the order of 40/1.  The superficial air velocity 
Inside the Injection hose (0.00952 m I.D.) was set equal 
to 15.24 m/sec.  During the calibration, the pneumatic 
flow tube was connected to a cyclone and the solids 
discharge from the cyclone was weighed to determine 
solids flow rate.  In this calibration and also during 
all the experiments the main regulator was set on 
275790 Pa above atmosphere. 
The calibration was performed for glass bead par- 
ticles with d"p" = 410 x 10~6m and the results of the 
calibration are shown 1n Figures 15 and 16.  As Is 
shown 1n Figure 15, over the range tested, the solids 
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feed rates are almost independent of flow rate of con- 
veying air.  In Figure 16, it is shown that solids feed 
rate varies nearly linearly with tank pressure. 
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III. BATCH EXPERIMENTS 
A.  Review of the Theory 
In this chapter a theoretical analysis of the rotat- 
ing fluldlzed bed developed by references [4,5,6] 1s de- 
scribed and compared with experimental results on bed 
pressure drop.  Martin [5] obtained an expression for 
the shape of the free surface of the bed by assuming the 
bed behaves as a liquid 1n rigid body rotation.  For the 
case where the bed covers the entire grid (Figure B-l ) 
he found: 
*1 ■ I5H t'r tan'o-H'roi!Uno <HrJ2 
m
  v - S£> TIP, (1 -e)   a)' 
^2g(x1+Z) 1 
a) 
(3.1) 
(3.2) 
r  = (x,+Z)tana + r - - (x,+H)tana (3.3) 
For the cases where the grid 1s partially exposed (Fig- 
ure B-2) he obtained: 
or 
li      ?g (h'
2
  tan'a  +  2rolh'tana  +   rj,   -  ^1)        (3.4) 
and 
k' i 
tan2a  +   r   , h'    tana  +   r2,h*   -  ^  (h' - 2gx, ) ol ol u»      x '   1' 
45 
in 
*PsU-e) (3.5) 
by  solving  equations   (3.4)   and   (3.5),   x,   and  h'   are   found 
Discussing   the   velocity   profile  and  shape  of   the  bed 
are  presented   1n  Appendices  A  and  B.     Levy,   et  al   ob- 
tained  equations   for  bed   pressure   drop  and  minimum  fluld- 
1zat1on   velocity   [4].     With  a   uniform  tangential   velocity 
profile,   the   pressure  drop   through   the   fluldlzed  bed   1s: 
P(rQ) - P(ri)   =   APB   =   (ps - Pf)(l - e)r£u,Jfcn   ^       (3.6) 
With   rigid  body   rotation,   the  bed   pressure   drop   1s  calcu- 
lated   from   the   equation: 
P(r0) - Ptr,)   -   (ps - pf)(l  -e)   ^  [l - (jl)   ]     (3.7) 
o 
The   packed   bed   pressure   drop   for   the   centrifugal 
bed   1s   found   to   be   (Ergun  equation): 
AP BP 
1S0(l-e)»utn(-rf)   . 1.75(1-0 
"c'l^d p)2(2itPf)     mH   +   eJ«sdp^(iPf)- 
t   ] Mm2 f77  -   r^   mH (3.8) 
where 
m mass   flow  rate   per  unit  height 
depth of  bed 
spherld ty 
diameter  of  sphere  having   volume  of 
particles  which  could  be   replaced  by 
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Equating the expression for packed bed pressure drop 
to the fluidlzed bed pressure drop, the superficial veloc- 
ity of the gas at minimum fluldlzatlon was determined by 
Levy and Martin [7].  Expressed 1n terms of particles 
Reynolds number and Galileo number this correlation 1s: 
r0 
Ga 
3.5(£j) - 3.5 
rj 2     ReMF + r\   2     ReMF tJ^[l-(P-)2]    eV[l-(-V]  
5     in a    ' n 
300(l-c)ln(?^) 
(3.9) 
where 
Ga 
P,(pr-Pf)w2rnd^ 
~7 
fIMs"M ,-    Q-p
Re MF 
pfUMFdp 
In this case also the mean particle size d  1s used with 
a bed containing a wide particle size distribution. 
Martin [5] developed a computerized procedure which 
accounts for vertical variations 1n bed thickness 1n com- 
puting minimum fluldlzatlon and bed pressure drop.  This 
analysis, described 1n more detail 1n Appendix C, 1s com- 
pared In this thesis to results obtained during the batch 
experiments. 
Void fraction is defined as: 
B vol ume- of void 
total volume 
In the packed regime the bed pressure drop Is an ex- 
tremely strong function of void fraction.  However the 
void fraction has no effect on bed pressure drop at 
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flu1d1zat1on condition.  It does Influence the transition 
region and the calculated point of minimum f1uldlzatlon. 
Figure 17 shows this effect with results taken from 
Martin's computer analysis. 
B.  Experimental Procedure 
I.  Meaautemcn-t o&   Mean   Pantlcle.  Size 
Technical quality glass spheres were used for the 
experiments and particle size distributions were deter- 
mined by sieving.  The mean particle size 3 was calcu- 
lated as follows: 
x^ = weight fraction of sample within a 
specified size range 1 
j  = arithmetic average of particle minimum 
dPl 
and maximum diameter 1n size range 1 
all1^dPi; 
For example, consider the following size distributions. 
U.S. Sieve No.       Wt. %  Passed 
35 91.3 
40 8.69 
45 0.01 
Diameter  Range   x   106m dp^ xj (x/dp)j 
0  -   354 177 0.0001     0.565  x   10'6 
354   -   380 367 0.0869     236.78   x  10"6 
380   -   450 415 0.913       2200  x   10"6 
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a  - 410.3 x 10"°m 
P 
2.     GKi.d   P\z&6u\i  Viop 
In order to measure the grid pressure drop, the fol- 
lowing procedures were followed:  (1) The rotating plenum 
was vacuum cleaned completely, (11) The pressure taps 
were connected to the 1.5m vertical manometer board, 
(111) The motor was started up and the angular velocity 
of the drive shaft was adjusted to match the desired 
strokoscope frequency, (1v) The air supply valve was 
opened slowly from a very low air flow rate to the high- 
est possible air flow rate and at each air flow rate the 
pressure was recorded, (v) These processes were repeated 
for several bed angular velocities. 
Figure 18 shows one series of these tests for dif- 
ferent angular velocities.  Because of change 1n environ- 
mental conditions such as humidity during the period when 
the experiments are performed, the particles gradually 
stick to the body of the grid, and therefore the grid 
pressure drop does not remain constant during the period 
of experiments.  Also particles might fracture during use 
and small fragments could plug up the grid, increasing 
grid flow resistance.  For these reasons, at the begln- 
1ng of each test the grid pressure drop was measured. 
Figure 19 compares the grid pressure drop for two 
different dates. 
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3. Bed   Pics Auto Plop 
In the experiments described 1n this chapter, the 
system was operated 1n a batch mode, where the bed ma- 
terial was added by pouring particles Into the test sec- 
tion through the air exhaust hole at the top of the test 
section.  In these tests the solids discharge tubes were 
closed jnd at the end of each test the bed material was 
removed manually from the test section. 
In these experiments, the effect of angular velocity, 
air flow rate, particle size, and bed mass on minimum 
fluidlzation and bed pressure drop were determined. 
The following procedures were used in performing the 
batch test:  (i) The rotating plenum was vacuum cleaned 
completely, (ii) The discharge tubes remained closed, 
(iii) The desired amount of bed material was poured in- 
side the plenum, (iv) The motor was started up and the 
angular velocity of the driving shaft was adjusted to 
match the desired strokoscope frequency, (v) To obtain a 
good distribution of particles over the entire height of 
the grid, the air flow rate was Increased gradually until 
particle entrainment occurred.  At this point the air flow 
rate was decreased gradually and the overall pressure drop 
was recorded at each flow rate.  This procedure is called 
turndown, and the startup data were obtained with the bed 
Initially at the bottom of the test section and pressure 
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drop was recorded as the air flow rate Increased.  Figure 
20 shows that the difference between the two procedures 
Is small.  In most of the experiments, the turndown 
process was followed. 
C.  Discussion of Results 
In Figures 20, 21, 22. 23, 24, and 26, the experi- 
mental data are compared with theoretical results from 
Martin's computer program.  As was stated, the model for 
tangential velocity profile in the computer program Is 
based on solid body rotation. 
In all the experiments, the same particle size d ■ 
410 x 10"6m is used.  Figures 20, 21, and 22 show the 
overall pressure drop, grid pressure drop and bed pres- 
sure drop for three different bed masses at w = 36.65 
rad/sec.  These results are compared with each other 1n 
Figure 23 and as is shown, the minimum fluidization ve- 
locity is independent of the bed mass. 
In Figure 24 the effect of angular velocity is shown 
on the bed pressure drop and fluidization conditions 
where the bed mass is constant. 
Figure 25 shows the effect of particle size on bed 
pressure drop and minimum fluidization.  These theoretical 
results are from Martin's computer program.  As Is shown, 
the particle size does not have any effect on the bed 
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pressure drop at f1uidizat1on conditions, but 1t does 
affect pressure drop in the packed region.  It also In- 
fluences the point of minimum f1u1d1za11 on . 
Figure 26 summarizes the batch experiments with a 
plot of bed pressure drop at minimum fluldlzatlon versus 
bed mass.  The experimental data are compared with theo- 
retical results for several different angular velocities. 
These results show that the theory overestimates bed 
pressure drop by 10 to 40 percent for the 410x10 m parti- 
cles.  As is seen in Figure 26, the discrepancy Increases 
for higher angular velocities.  Several things might be 
responsible for these discrepancies, including errors 
1n the theoretical model, errors in measurement of pres- 
sure drop, angular velocity, bed mass, and particle elu- 
triation.  Particle elutrlation was noted in several 
cases, and this could be responsible for the observed 
di screpanc i es. 
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IV. FEED AND REMOVAL OF SOLIDS 
Experiments on the feed and removal of solids to 
the rotating bed are described 1n this section.  Solids 
are fed through the feed tube, connected to the solids 
distributor plate at the base of the rotating chamber. 
Solids removal occurs through the six discharge tubes 
in the rotating grid.  Load cells attached to the dis- 
charge bin permitted instantaneous measurement of solids 
discharge rate.  In all of the tests the same particles 
with dp =410xl0"6 m and 0=1 were used. 
In this chapter, the effects of (1) air flow rate 
(11) angular velocity (iii) solids feed rate and (iv) 
geometry of discharge tubes are studied.  The results 
of the overflow experiments are compared to those ob- 
tained in the batch experiments. 
The following procedures were used in performing 
the overflow experiments:  (1) The rotating plenum was 
vacuum cleaned completely, (1i) The load cells were 
connected to the power supply and digital volt meter, 
(iii) Pressure taps were connected to the 1.5 m mano- 
meter boards, (Iv) The injection hose was connected to 
the feed tube, (v) The desired discharge tubes remained 
open, (vi) The motor was started up and the angular ve- 
locity of the bed was adjusted to match the desired 
63 
stroboscope frequency, (v 1 i) The air supply valve was 
set on the desired air flow rate, (viil) The pressure 
drop across the grid at this air flow rate and angular 
velocity were recorded and (1x) The feed system was set 
on the desired condition and by opening the feed valve 
the test was started. 
During experiments with continuous feed and re- 
moval, the system showed different behavior from that 
observed in the batch experiments.  The particles were 
discharged from the test section when the thickness of 
the bed became greater than the depth of the discharge 
tubes in the chamber.  All of the experiments described 
here were performed with the same length discharge 
tubes . 
In this series of experiments, the bed mass Is a 
function of the air flow rate.  Therefore, in each test 
the air flow rate remained constant and the test was 
permitted to continue until the pressure drop remained 
constant.  At the end of each test, the bed mass was 
we 1ghed. 
To determine whether the bed was packed or fluid- 
Ized during a test, the results were compared with the 
results from the batch experiments.  In addition, during 
the test, the state of the bed was checked regularly 
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through the air discharge opening at the top of the test 
section. 
A.  Dynamic Studies of Bed Startup 
As was stated before, each test began with the 
test section empty and continued until steady state bed 
conditions were established.  Figure 27 shows plots of 
bed pressure drop and mass of discharged bed material 
versus time.  In this test, the air flow rate, angular 
velocity and particle feed rate were held constant and 
all six discharge tubes were open.  As is shown, after 
four to five minutes the system reached a stable condi- 
tion where the pressure drop remained constant and the 
mass of discharged material varied linearly with time. 
The rate of discharge given by the slope of the curve 
In Figure 27 1s in good agreement with the measured 
solids feed rate.  For the air flow rate and angular 
velocity used in this test, the bed was in packed con- 
dition. 
1.  Effect of Discharge Area 
Figures 28 and 29 show the effect of discharge area 
on bed pressure drop and mass of discharged material. 
The two experiments in Figure 28 were performed with the 
same angular velocity, air flow rate and solids feed 
rate.  By reducing the discharge area from six discharge 
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tubes to two tubes (the middle two), the steady state 
bed pressure drop and bed mass both Increased.  The 
time required to achieve steady state conditions 1s 
slightly greater with the smaller discharge area, but 
once steady state 1s reached, the two discharge rates 
are equal to each other and to the reate of solids feed. 
In Figure 28, the air flow rate is below minimum fluldl- 
zation and the bed is packed.  Figure 29 shows the effect 
of discharge area at a higher air flow rate and lower 
solids feed rate.  In this case the bed Is fluldlzed and 
throughout the test the air flow rate, solids feed rate, 
and angular velocity were held constant. 
These results suggest that the two upper discharge 
tubes have very little effect on discharge rate.  More 
experiments are needed to determine the effects of the 
location of feed and removal points on system behaviors. 
2.  Effect of Particle Feed Rate 
In Figures 30, 31, and 32 the effect of solids feed 
rate on bed pressure drop and discharge rate is studied. 
Figure 30 shows this effect on bed pressure drop for 
five different particle feed rates.  With increasing 
feed rate, the steady state bed mass and bed pressure 
drop increase.  In this figure, the bed was fluldlzed 
for all five experiments, the angular velocity and air 
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flow rate were held fixed and all six discharge tubes 
were open.  Figure 31 shows similar results for a lower 
air flow rate (packed bed), where an Increase In solids 
feed rate increases the solids discharge rate and the 
steady state bed pressure drop and bed mass.  Figure 32 
summarizes the influence of solids feed rate on steady 
state bed pressure drop for constant air flow rate, 
angular velocity and discharge area.  For these condi- 
tions the bed was fluidized everywhere. 
3. Effect of Angular Velocity 
Figure 33, for constant solids feed rate, discharge 
area, and air flow rate, considers the effect of angular 
velocity on bed pressure drop. As Is shown, the angular 
velocity has a great effect on steady state bed pressure 
drop and bed mass. 
4. Effect of Ai r Flow Rate 
Figure 34 considers the effect of air flow rate on 
the steady state bed pressure drop and discharge rate. 
As 1s shown by increasing the air flow rate, the bed 
mass and bed pressure drop are decreased, but once steady 
state is reached, the discharge rate doesn't change.  In 
Figure 35, the effect of air flow rate on bed mass Is 
studied.  Each of these points belong to a separate test 
which has been performed with the same particle feed 
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rate, angular velocity, and discharge area but with dif- 
ferent air flow rates.  As is shown, there Is a peak 
point corresponding to the relon of transition between 
packed and fluidized behavior. 
Figure 36 shows the effect of air flow rate on bed 
pressure drop and the results are compared with the 
theoretical results for batch operation with a range of 
bed masses.  In Figure 37, the same results are compared 
with the batch experiment results.  Each of the over- 
flow experiments points belong to a separate test with 
the same angular velocity, solids feed rate and dis- 
charge area.  As Is shown, the theory and experiments 
for batch operations are consistent with experiments for 
solids feed and removal.  In the packed region, the bed 
mass increases slightly with air flow rate and the bed 
pressure drop depends on air flow rate according to the 
Ergun equation (equation for bed pressure drop at packed 
condition).  In the fluidized region, the bed voldage 
increases with air flow rate, resulting 1n a decrease In 
bed mass and bed pressure drop with air flow rate.  When 
fluidized, the actual steady state masses measured 1n 
the overflow experiments give values for bed pressure 
drop which are In reasonable agreement with the theo- 
retical and experimental values for batch operation. 
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As was observed, It usually takes close to five 
minutes In all cases until the system reaches steady 
conditions.  Many more experiments should be performed 
and the results presented here should be thought of as 
a preliminary study of the behavior of a rotating fluid' 
1zed bed with continuous feed and removal. 
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V.  CONCLUSIONS AND RECOMMENDATIONS 
This study of bed pressure drop and minimum fluldl- 
zatlon in the centrifugal fluldlzed bed (CFB) shows that 
in the batch experiments, the theory over estimated bed 
pressure drop by 10 to 40 percent.  The experimental re- 
sults from the overflow experiments are consistent with 
the batch results.  During the tests, elutrlatlon of 
particles was observed both 1n the batch and overflow 
experiments.  In all of the batch experiments, the bed 
masses were measured before starting each test; but 1n 
overflow, this procedure was done after each test.  For 
this reason the discrepancy between the results could be 
caused by this parameter.  However, more experiments 
need to be done on the effect of elutrlatlon. 
Studies of the effect of air flow rate on the over- 
flow experiments show different behavior from that ob- 
served in the batch experiments.  This is due to the 
effect of air flow rate on bed voidage and bed mass. 
As a whole, the model for fluidlzed bed pressure 
drop, which assumes solid body rotation of the bed, 
gives good agreement with experimental results for the 
batch and overflow experiments. 
The following recommendations for future investiga- 
tions are suggested:  (1) more experiments need to be 
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done on batch experiments with this apparatus, (1i) 
studies of elutrlation during batch and overflow opera- 
tion should be performed.  The use of a cyclone at the 
top of the test section 1s recommended, (ill) more ex- 
periments on the characteristics of the feed and removal 
systems should be done, (1v) in all experiments within 
this thesis just one particle size (d~p=410 x 10" m) was 
used.  Experiments should be performed with other par- 
ticle sizes, (v) more experiments need to be done to 
determine the effect of angular velocity on system be- 
havior in overflow operation, (vi) bubble behavior needs 
to be studied in the overflow experiments, (v11) a photo- 
graphic study of overflow experiments 1s suggested, 
(v111 ) the test section should be modified to study the 
effect of heat transfer in a CFB, and (ix) 1t would also 
be Interesting to operate the apparatus at a different 
angle relative to the vertical position. 
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APPENDIX - A 
RADIAL VARIATION OF TANGENTIAL VELOCITY 
Three concentric regions with different kinds of tan- 
gential velocity profiles are defined for a centrifugal flu- 
idized bed (CFB).  As shown in Figure A-l, these are the 
viscous core region (A), the potential vortex region (B) and 
the bed regi on (C ) . 
Information on the radial variation of tangential velo- 
city is needed in computing the bed pressure drop. 
Two possible velocity profiles are postulated In refer- 
ence 7.  These are: (1) solid body rotation and (2) uniform 
tangent 1 a 1 veloc i ty. 
Recent experiments show that the data from pressure 
drop measurements are 1n better agreement with the solid 
body assumption than the uniform tangential velocity [5]. 
Experiments also show that axial and radial flows seem to 
stagnate for radii close the axis of rotation.  An accept- 
able model for tangential velocity in the core (region A) 
[6] is: 
r1 * 
8    rc 
In region B, a potential vortex Is assumed and after 
considering angular momentum for 1nv1sc1d flow, the boundary 
condlti ons yield: 
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e 1  r 
For the third region as was stated before, two models 
were suggested.  For solid body rotation: 
uir 
and for uniform tangential velocity 
V0 = -o 
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APPENDIX - A 
SHAPE OF THE BED (from Reference 5) 
Assuming the CFB behaves like a liquid, the bed 
surface can be assumed to be perpendicular to the re- 
sultant of the local acceleration vectors as shown 1n 
Figure B-l : 
tan 
e " ZT*r 
g    dri 2qx 
1 ■ ^ (1) 
where X = X] + Z. 
The volume of bulk solids in the bed Is equal to: 
m rX=X!+H 
Ps rr^TT X=X 
n(r» - r|)dx (2) 
The outer radius (r0) is a function of grid taper angle 
and is calculated from the following equation: 
rQ = Xtana + r ~ - (X + H)tana (3) 
By solving equations 1, 2, and 3 we will have: 
tii2   HJ xi = T^u (Vtana2- H2r «tana + Hr* l   ZgH  3 o2       o2 
m 
■ nps(l-c) 
/2g(X1+Z) 
U) 
ro   =   (xi+z)tana   +   r02   "   (X^Hjtana 
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In the above equation, Z 1s the height above the chamber 
floor.  Integration of equation (2) requires that the 
bed completely covers the grid.  Now If for any reason 
It doesn't, and Instead just climbs to some unknown 
height, h , as shown 1n Figure (B-2), we have: 
,Z + h' 
JZ = o 
r  E Ztana + r 
m 
^
ro"r?)dZ = Ps(l-e) = volume of the bed  (4) 
o     ol 
/2g(Z+X,) 
r1 " 
1 
U) 
From boundary conditions, at Z = h', r  = r., we have: 
2g(Z+X]) 
O) h^tan'o + 2r ,h'tana + r* o l o I 
(5) 
Now 1f we solve for X, in term of h': 
V ^<h"»n2« ♦ 2rolh'tana ♦ rj, - ^-) (6) 
by solving Integral equation 4, using digital computer 
technlques: 
K-  tan2a + r ,hl2tana + r2,h' - ^(h'^gX,) - 0 01 0 1 0)  *     ' 1 ' 
m 
nps(l-c) 
(7) 
by using equations 6 and 7, h'.X, will be found 
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*V + (uJr) 
Fig. (B-l) Coordinate System for Analysis of 
Bed Shape Where Bed Covers Crld 
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Fig. (B-2) Coordinate System for Analysis of Bed 
Shape Where a Portion of Crid Is Exposed 
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APPENDIX - C 
CALCULATION OF BED PRESSURE DROP BY COMPUTER ANALYSIS 
(from Reference 5) 
When the bed thickness is nonunlform, with the aid 
of the digital computer, a solution for bed pressure 
drop as a function of gas flow rate can be determined. 
This program takes into consideration the axial varia- 
tion of bed thickness, itself a function of angular ve- 
locity, bed mass, and grid geometry. 
The fluidizing gas is subject to an overall pres- 
sure drop, AP , as It flows from the plenum to the free 
board.  The quantity AP  consists of three terms: 
1 - Grid pressure drop (APQ) 
2 - Bed pressure drop (APn) 
3 - Freeboard pressure drop 
In all of our experiments, we consider grid pres- 
sure drop and freeboard pressure drop together and 
therefore 
AP. APG ♦ APB 
At any height Z, the Inside radius of the bed rj 
may be calculated [Figure (C-l)] using the liquid 
model for bed shape.  The grid pressure drop  (APr) 1S 
approximately a parabolic function of gas velocity. 
91 
Ap 
Grid 
Fig.  (C-l)  Model of Bed Pressure Drop for 
Numerical Analysis 
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UQ, so that 
PG = KlUo + K2Uo 
where K, and K~ can be determined experimentally for 
each of the grids used, thus APG(UQ) ■ APQ. 
If the bed is packed, the Ergun equation for packed 
pressure drop reveals that APgp = APgp(U , r , r . ) .  If 
the bed is fluidized, in this case gas velocity Is 
higher than the minimum fluidizing velocity which was 
described before.  In this case, APgr = APBr(»" ir^). 
Mathematical expressions have been determined for all of 
these cases and a digital computer solution for bed 
pressure drop as a function of gas flow rate has been 
der1ved [5] . 
In this computer program, first AP  is assigned 
a very low arbitrary value.  For this small overall 
pressure drop, the computer solves for the velocity 
through the first bed "ring" of incremental height,  H, 
by using the relations 
*
Po " APG + APBP 
The minimum fluidizing velocity is calculated for the 
incremental ring under consideration.  If the velocity 
computed is greater than the minimum fluidizing velocity, 
then 
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AP. APG ♦ APBf 
and the velocity through the ring must be recalculated 
using the fluidlzed relation for AP .  In any case, the 
correct value for local superficial velocity Is found, 
and the mass flow rate through the first ring of Incre- 
mental height Is determined. 
[m° = PfU0-dA]  = [pfUQ2Tir0AH1]1 
Similar computations are made for the second ring 
of height  Hp. and the third, and so on.  The mass flow 
rates through each are summed until the flow through the 
entire peripheral area of the bed is determined.  Causing 
the axial variation of radial mass flow rate per grid 
height, the computer is made to loop back repeatedly 
to the arbitrary overall pressure drop, increasing 1t 
incrementally with each loop.  A new gas flow rate and 
pressure drop are determined each time, and by these 
results it is possible to determine pressure drop versus 
gas flow rate. 
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APPENDIX - D 
EFFECT OF GRID RESISTANCE ON FLU ID IZATION (from 
(Reference [5]) 
The experiments indicate that startup of the 
fluidlzed bed system is strongly dependent on grid 
characteristics and may be impossible without a well 
des igned gri d . 
During startup, the gas should pass through the 
resistances caused by the grid and the bed.  Suppose 
the grid resistance is much smaller than the bed re- 
sistance.  In this case, when the bed is in the slumped 
condition, as occurs during startup, a portion of the 
grid is not covered by the bed, so because the grid 
resistance is much smaller than the bed resistance, 
velocities at the boundary of the bed and uncovered 
grid are very high compared with velocities through the 
bed.  For such a low grid pressure drop, the bed may 
simultaneously exhibit different regions demonstrating 
elutrlation, f1uidization, and packed characteristics, 
depending on local bed thickness (Figure D-la).  Now 1f 
the grid resistance is much larger than the bed resis- 
tance, 1n this case, the flow through the grid Is not 
a strong function of Z, since the bed thickness has a 
relatively small effect on axial variations of radial 
flow.  Thus, the flow is nearly uniform (Figure D-lb), 
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Fig. (D-l)  Effect of Grid Resistance 
on Flow Uniformity 
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and uniform fluldlzatlon is possible through the bed 
which might be nonuniform 1n thickness and not fully 
distributed over the grid.  Therefore, startup Is 
always possible If a high enough grid resistance Is 
used.  More uniform bed thicknesses require larger grid 
resistances in order to achieve complete fluldlzatlon 
before elu tri a ti on. 
It 1s of great practical importance that the bed 
be as uniform as possible, at least covering the entire 
grid, so that the grid resistance can be low and still 
allow startup of the system. 
A series of experiments were conducted to determine 
a grid geometry which would allow the bed to distribute 
Itself more evenly over the grid.  Initially, studies 
deduced that a truncated conical grid with a taper angle 
of 22° would solve the problem of startup, allowing the 
particles to distribute themselves over the grid per- 
iphery.  The idea worked perfectly as long as the bed 
was operated in packed regime.  However, once the bed 
reached minimum fluidizing conditions, 1t began to 
behave like a liquid, shifting to the top of the grid 
(Figure D-2b), and the problem of bed nonunlformlty 
resulted once again.  It was deduced that, due to the 
liquid-like character of the fluldlzed particles, a 
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Fig. (D-2)  Cross Effect of Grid Taper Angle 
on Unifornity of Bed Thickness 
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grid taper angle only 1nfinitesIma11y larger than the 
angle between vertical and the artificial horizon (re- 
sulted from the centrifugal motion) would allow the 
distribution over the grid of the fluldlzed particles, 
that is for the startup Figure D-2a. 
i>0 = arctan (-§—) 
id' r 
Of course, sufficient grid pressure drop must be 
Incorporated in the tapered grid design to Insure that 
elutriation conditions are not reached during the flow 
of the bed particles toward the top of the grid. 
The experiments have shown that the smaller the 
grid pressure drop, the longer the resulting transition 
from a packed to an entirely fluldlzed condition.  In 
fact, with a very low grid pressure drop, transition 
from minimum fluldization to complete fluldizatlon may 
require such a large increase in air flow rate that 
elutriation is reached before total fluldizatlon occurs 
Figures D-3 and D-4 show the axial variation of 
radial velocity through the bed at minimum fluldizatlon 
for different grid pressure drops.  These results in- 
dicate that a low grid resistance causes extremely 
large axial variations in velocity.  As the grid flow 
resistance approaches zero, the velocity nonuniformlty 
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1s large enough to permit elutrlatlon to occur Immedi- 
ately, after the first peripheral ring of bed material 
1s fluldlzed.  Figure D-5 shows the theoretical effects 
of a grid taper on bed pressure drop and minimum fluld- 
1za tlon. 
From these experiments, a reasonable pressure drop 
for grid has been found to be 
APGMF/APBMF>3-4 
for small bed masses, and 
APGMF/APBMF >-   °'2 
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